Introduction {#sec1}
============

The development of small molecule degraders, which induce the elimination of a given target protein ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}), is an emerging strategy in drug discovery.^[@ref1]−[@ref4]^ Major advantages of protein degradation over inhibition are the longer-lasting effects and the lower concentrations of the corresponding molecules required to achieve efficacy.^[@ref5]^ Moreover, degraders are applicable to a wider spectrum of proteins since degradation is not limited to a specific functional domain or active site.^[@ref6]^ Protein degraders have been developed against a variety of medically relevant proteins, such as the tumorigenic androgen receptor and estrogen receptor, as explored in first clinical trials.^[@ref7]−[@ref11]^ To date, the most widely used degraders are the proteolysis-targeting chimeras (PROTACs), discovered in pioneering studies by Crews, Deshaies, and co-workers.^[@ref12]^ Aside from these, further compounds have been developed that can induce the degradation of selected target proteins, including the SNIPERs (specific and nongenetic IAP-dependent protein erasers)^[@ref8],[@ref13]^ as well as compounds reprogramming the autophagy machinery (AUTACS^[@ref14]^). In the context of the current work, we will refer to the general protein degraders as PROTACs.

![Mechanism of induced protein degradation by a bifunctional PROTAC molecule. PROTAC physically connects a ubiquitin E3 ligase (E3) to a protein of interest (POI), thus inducing its ubiquitination and degradation. The picture illustrates the binary and ternary complexes, showing the POI in blue, the E3 in green, and the PROTAC in gray.](oc0c00049_0001){#fig1}

In order to realize the full potential of protein degraders, specialized isothermal titration calorimetry (ITC) and surface plasmon resonance (SPR) protocols have been developed to delineate the complex kinetics of multicomponent degrader systems, which comprise various intermediate states.^[@ref15]−[@ref18]^ A major advantage of ITC is the direct quantification of thermodynamic and binding parameters, while SPR methods can characterize the kinetics of ternary complex formation and dissociation, and the respective lifetimes of ternary complexes. Together, ITC and SPR thus provide a detailed quantitative analysis of individual binding events, as required for drug optimization. However, the traditional biophysical methods are subject to certain limitations that need to be considered in further PROTAC development. Both techniques are referred to as being resource-intensive and low-throughput compared to other methods and, in the case of SPR, requiring labeling of the target protein and/or the E3 ligase. Moreover, the analysis of ternary interactions requires various experimental approximations, such as the use of saturating amounts of one component, and always demands a series of experiments to estimate the basic kinetic parameters of the entire degrader system. The current study presents a complementary mass spectrometry (MS) approach, filling the methodological gaps.

With the use of nanoelectrospray ionization (nESI),^[@ref19]^ protein complexes can retain their native topology and stoichiometry during transfer from solution into the gas phase, making protein--protein and protein--ligand interactions amenable to MS analysis.^[@ref20],[@ref21]^ Key advantages of this "native MS" (nMS) approach^[@ref22]^ include the label-free measurement of protein complexes and its capability to report on multiple binding stoichiometries present in dynamic protein mixtures, including molecular species populated to a low extent.^[@ref23]−[@ref25]^ For these reasons, we anticipated that nMS would be particularly applicable for the characterization of PROTAC systems. It could complement ITC and SPR by analyzing the E3, PROTAC, and POI interplay in a single experiment.

Here, we demonstrate that nMS can (1) report on the formation of E3-PROTAC-POI ternary complexes in a semiquantitative manner, (2) delineate the binding specificity of a particular PROTAC molecule, and (3) simultaneously measure PROTAC specificity to multiple substrate proteins in a single measurement. To this end, we used the two established PROTACs AT1 and MZ1, which target bromodomain-containing proteins for degradation via the Von Hippel--Lindau (VHL) E3 ligase, as model compounds. Specificity, affinity, and degradation behavior of AT1 and MZ1 toward different bromodomains have been well characterized,^[@ref16],[@ref18],[@ref26],[@ref27]^ providing an excellent test system to benchmark nMS as an analytical tool in PROTAC research.

Results and Discussion {#sec2}
======================

We first tested the capability of nMS to resolve dimeric and trimeric complexes present in a reaction mixture containing PROTAC (P), substrate (S), and an E3 ligase (E3). This initial analysis was focused on Brd4^BD2^ (S) and its interaction with the VHL/elongin-B/elongin-C complex (VCB, E3), with and without AT1/MZ1 (P). As reference, native mass spectra of Brd4^BD2^ and VCB (5 μM) were recorded separately, sprayed from 100 mM ammonium acetate, and 100 mM ammonium acetate containing 0.5% DMSO ([Figures S1 and S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00049/suppl_file/oc0c00049_si_002.pdf)), the latter condition used in all experiments monitoring complex formation. Expected and measured masses of each species are provided in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00049/suppl_file/oc0c00049_si_002.pdf). A native mass spectrum of a VCB and Brd4^BD2^ mixture ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a) shows that no interaction occurs between the proteins in the absence of a PROTAC molecule. VCB presents in charge states \[M + 9H\]^9+^ to \[M + 12H\]^12+^, and Brd4^BD2^ presents in charge states \[M + 5H\]^5+^ to \[M + 17H\]^17+^, with most of the intensity in charge states \[M + 6H\]^6+^ and \[M + 7H\]^7+^. Upon the addition of 2.5 μM AT1 (1:0.5:1 ratio of E3:P:S), peaks are present at *m*/*z* ratios corresponding to that of the ternary Brd4^BD2^-AT1-VCB complex in charge states \[M + 11H\]^11+^ to \[M + 14H\]^14+^. For example, the peak at *m*/*z* 5218 ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b--e) arises due to the intact ternary complex (mass 57 384 Da) carrying 11 protons. Compared to the signal intensity of the ternary complex (0.13 of total intensity), the signal corresponding to the binary VCB-AT1 species (E3:P) is in very low abundance (0.02), while the Brd4^BD2^-AT1 species (P:S) is not observed at all. While we expect that the signal intensity corresponding to each species is roughly correlated with its abundance in solution, it is highly probable that differences in the efficiency of ionization, transmission, and detection occur upon ternary complex formation.^[@ref28]^ Therefore, the obtained results provide a simple quantification of the underlying equilibrium. An increase in AT1 concentration results in a higher relative intensity of the ternary complex (0.27 and 0.65 at 5 μM and 10 μM AT1, respectively) up to 20 μM when the signal becomes slightly lower (0.57), potential reasons for which are discussed below. Interestingly, upon addition of AT1, the intensities of the \[M + 6H\]^6+^ and \[M + 7H\]^7+^ charge states of Brd4^BD2^ become lower compared to the charge states \[M + 8H\]^8+^ and above. In line with this observation, the Brd4^BD2^-AT1 binary complex is present only in \[M + 6H\]^6+^ and \[M + 7H\]^7+^, and no peaks are present corresponding to higher charge states. Lower charge states generally correspond to more compact conformations than higher charge states.^[@ref29],[@ref30]^ The results therefore infer that a more compact conformation of Brd4^BD2^ is incorporated into the ternary complex, while a more extended subpopulation, likely representing a partially unfolded protein species, remains unbound.

![Characterization of the equilibrium between VCB, AT1, and Brd4^BD2^ by nMS. nESI-MS of Brd4^BD2^ (5 μM, 15 036 Da) and VCB (5 μM, 41 376 Da) sprayed from ammonium acetate (100 mM, pH 6.8) and 0.5% DMSO at AT1 (971 Da) concentrations of 0 μM (a), 2.5 μM (b), 5 μM (c), 10 μM (d), and 20 μM (e). The insets show the estimated fractional ratios of the integrated peaks corresponding to *apo*-Brd4^BD2^, *apo*-VCB, and the indicated binary and ternary complexes, calculated by summing the intensity of each charge state corresponding to a particular species, and normalized to the summed intensity of all annotated peaks in the spectrum. In the case of *apo-*Brd4^BD2^ and binary MZ1-Brd4^BD2^ complex, only charge states \[M + 6H\]^6+^ and \[M + 7H\]^7+^ are used in the quantitative analysis (right). Bar charts are representative of a single measurement, so no error bars are shown in this case. Expected and measured masses of each species are reported in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00049/suppl_file/oc0c00049_si_002.pdf). At an equimolar ratio, the signal intensity of Brd4^BD2^ is higher than that of VCB due to higher ionization efficiency, better transmission inside the mass spectrometer, and/or more efficient detection as a result of its smaller mass and higher charge states.](oc0c00049_0002){#fig2}

To compare complex formation with a different PROTAC, equivalent measurements were carried out with MZ1 ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00049/suppl_file/oc0c00049_si_002.pdf)), and for both PROTAC mixtures, the signal intensity of the ternary complexes is plotted against PROTAC concentration ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00049/suppl_file/oc0c00049_si_002.pdf)). At 2.5 μM PROTAC concentration, the spectra corresponding to mixtures containing AT1 and MZ1 are very similar, with the same relative signal intensity of the ternary complex (0.13). At PROTAC concentrations ≥5 μM, signal intensity corresponding to the ternary complex is higher for MZ1 than for AT1 (e.g., 0.81 vs 0.65 at 10 μM), reflecting the higher stability of ternary complex initiated by MZ1 relative to AT1, as determined by SPR measurements^[@ref16]^ ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). The overall distribution of binary and ternary complexes is similar for mixtures containing AT1 and MZ1, except that no binary complex between Brd4^BD2^ and MZ1 is observed at 10 μM MZ1 concentration, and then only slightly at 20 μM. For both PROTACs, there is a slight decrease in signal intensity for the ternary complex at 20 μM compared to 10 μM, which we attribute to the onset of the so-called Hook effect: the inhibition of ternary complex formation due to high PROTAC concentrations favoring binary interactions.^[@ref31]^ We expected the effect to be stronger for MZ1 than AT1, because of the lower cooperativity of MZ1, whereas in fact we observe the opposite. This could be potentially due to differences in ionization efficiencies of binary Brd4^BD2^-PROTAC complexes compared to the apo state of the protein. If at 20 μM PROTAC there is more binary complex in solution, but it ionizes less efficiently than the unbound form, the signal intensity of both Brd4^BD2^ complexes will be lower, thus raising artificially the relative signal of the ternary complex. This would also explain why Brd4^BD2^ is completely depleted with MZ1 but not AT1. These initial MS measurements demonstrate the strength of nMS for the characterization of protein complexes formed by PROTAC molecules, providing a semiquantitative description of the binding equilibrium between E3, substrate, and PROTAC. Moreover, the method reveals characteristic differences in reaction intermediates formed with different PROTACs, implying mechanistic differences in ternary complex formation.

###### Comparison of Native MS Data on Ternary Complex Formation with Literature Values

                    *K*~D~ of VCB binding to \[PROTAC + substrate\]   cooperativity   *t*~1/2~ of ternary complex   fraction of ternary complex   
  ----- ----------- ------------------------------------------------- --------------- ----------------------------- ----------------------------- -------------
  AT1   Brd4^BD1^   390 nM                                            578 nM          0.2                           \<1 s                         0.65 ± 0.1
  AT1   Brd3^BD2^   79 nM                                             163 nM          0.7                           3 s                           0.58 ± 0.07
  AT1   Brd4^BD2^   46 nM                                             24 nM           4.7                           26 s                          0.82 ± 0.06
  MZ1   Brd4^BD1^   28 nM                                             30 nM           0.9                           \<1 s                         0.80 ± 0.06
  MZ1   Brd3^BD2^   7 nM                                              8 nM            3.6                           6 s                           0.83 ± 0.05
  MZ1   Brd4^BD2^   4 nM                                              1 nM            22                            130 s                         0.92 ± 0.03

To investigate whether nMS can report on PROTAC specificity for particular substrate proteins, we took advantage of the preference of AT1 to form ternary complexes with Brd4^BD2^ over other bromodomain-containing proteins.^[@ref16],[@ref18],[@ref26],[@ref27]^ Spectra of VCB:AT mixtures with different bromodomain substrates Brd4^BD2^, Brd3^BD2^, and Brd4^BD1^ respectively, are shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a--c (spectra of isolated Brd4^BD2^, Brd3^BD2^, and Brd4^BD1^ in [Figures S2, S5, and S6](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00049/suppl_file/oc0c00049_si_002.pdf). Replicate measurements shown in [Figures S7--S9](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00049/suppl_file/oc0c00049_si_002.pdf)). Owing to the different ionization efficiencies of the free substrates, we integrated the signal intensity of *apo-*VCB, the binary VCB-AT1 complex, and the three ternary complexes. Comparing the relative amounts of ternary complexes reveals the preferential engagement of Brd4^BD2^ by VCB:AT1 (0.82 ± 0.06), relative to Brd3^BD2^ (0.58 ± 0.07) and Brd4^BD1^ (0.65 ± 0.1). These data are consistent with previous ITC experiments, where VCB was mixed with saturated PROTAC-substrate complexes to estimate the *K*~d~ of ternary complex formation^[@ref18]^ ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). Although the nMS and ITC measurement predict slightly different preferences in binding Brd3^BD2^ and Brd4^BD1^, both methods highlight that the VCB:AT1 system most favorably forms a ternary complex with Brd4^BD2^. We next investigated the PROTAC MZ1, which binds all bromodomain substrates with higher affinity than AT1, but with less selectivity for Brd4^BD2^ ([Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00049/suppl_file/oc0c00049_si_002.pdf)). In this case, the relative amounts of ternary complexes with Brd4^BD2^, Brd3^BD2^, and Brd4^BD1^ are 0.92 ± 0.03, 0.83 ± 0.04, and 0.80 ± 0.06, respectively, pointing to a similar stability of the formed complexes (triplicate measurements shown in [Figures S11--S13](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00049/suppl_file/oc0c00049_si_002.pdf)). For MZ1, the *K*~d~ values from ITC are 4, 7, and 28 nM for Brd4^BD2^, Brd3^BD2^, and Brd4^BD1^, respectively, fitting nicely to the nMS data ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). Taken together, the nMS data demonstrate the pronounced selectivity of AT1 toward Brd4^BD2^, whereas MZ1 is a less selective PROTAC, targeting bromodomains less discriminately.

![nMS measurements showing the specificity of PROTAC AT1 for Brd4^BD2^. nESI-MS of VCB (5 μM), AT1 (10 μM), and Brd4^BD2^ (5 μM, a), Brd3^BD2^ (5 μM, b), or Brd4^BD1^ (5 μM, c). Proteins are sprayed from a starting solution of ammonium acetate (100 mM, pH 6.8) and 0.5% DMSO. Inset: estimated relative intensity of summed peaks corresponding to *apo-*VCB, binary AT1-VCB complex, and ternary complex substrate-AT1-VCB. Samples were analyzed in triplicate (see [Figures S7--S9](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00049/suppl_file/oc0c00049_si_002.pdf)), and the error bars represent the standard deviation of the relative peak intensity. Fractional intensity of the signal corresponding to the ternary complex is shown.](oc0c00049_0003){#fig3}

An additional question regarding the mechanism of PROTACs is whether they display cooperative behavior. In a cooperative PROTAC system, the ternary complex will form more readily than either of the binary complexes. To address this point, we measured E3:AT1 and S:AT1 mixtures and compared the binary complex formation to ternary complex formation, using a cooperative (Brd4^BD2^) and a noncooperative (Brd4^BD1^) substrate as previously described^[@ref16],[@ref18]^ ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). nMS measurements of VCB + AT1 with increasing concentrations of Brd4^BD2^ are shown in [Figure S14](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00049/suppl_file/oc0c00049_si_002.pdf), and measurements of Brd4^BD2^ + AT1 with increasing concentrations of VCB are shown in [Figure S15](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00049/suppl_file/oc0c00049_si_002.pdf). Binary complex formation of VCB:AT1 is low, below 0.2, and the binary complex formation of Brd4^BD2^:AT1 and Brd4^BD1^:AT1 is roughly 0.5 in both cases. When the three components are mixed together, however, the ternary complex is formed to a much higher extent with Brd4^BD2^ (0.82) than Brd4^BD1^ (0.65), hinting at cooperativity of this PROTAC system, as proposed by Gadd et al.^[@ref18]^ According to these data, nMS analysis allows, in addition to the determination of the most favored ternary complexes, the distinguishing of differences in cooperativity between PROTAC systems.

![nMS method testing PROTAC cooperativity. Top: VCB (5 μM) + AT1 (10 μM). Middle: substrate protein (5 μM) + AT1 (10 μM). Bottom: VCB (5 μM) + AT1 (10 μM) + substrate protein (5 μM). (a) PROTAC cooperativity with Brd4^BD2^ as substrate protein. (b) PROTAC cooperativity with Brd4^BD1^ as substrate protein. The insets show the estimated fraction of integrated peaks corresponding to the labeled species. For Brd4^BD2^, only the peaks which correspond to \[M + 6H\]^6+^ and \[M + 7H\]^7+^ are used for the quantification and, for Brd4^BD1^, only \[M + 5H\]^5+^, \[M + 6H\]^6+^, and \[M + 7H\]^7+^. Top and middle panels correspond to single measurements, while those in the bottom panel are the average of three measurements, with error bars representing standard deviations. Values for α (top) are taken from Roy et al.^[@ref16]^](oc0c00049_0004){#fig4}

Finally, in order to take full advantage of the benefits of nMS over other biophysical methods, we applied our approach to a complex reaction mixture containing an E3, a PROTAC, and multiple substrates. Since nMS was able to distinguish PROTAC specificity in separate experiments, we were curious to what extent PROTACs would recruit the bromodomains in a competition experiment that mimics the *in vivo* situation more closely. Ternary complex formation was measured using equimolar amounts of Brd4^BD2^, Brd3^BD2^, and Brd4^BD1^ and the PROTAC MZ1 that seemingly promotes ternary complex formation in a rather unselective manner ([Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00049/suppl_file/oc0c00049_si_002.pdf)). Initially, an overall substrate concentration (S1 + S2 + S3) equimolar to that of VCB was used, thus avoiding competitive binding. In this case, the relative signal intensity of ternary complex incorporating Brd4^BD2^ is the highest, with that incorporating Brd3^BD2^ at a slightly lower intensity and that incorporating Brd4^BD1^ at an even lower intensity ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a). When the substrate concentration is increased 3-fold, thereby increasing the competition for binding, the signal intensity of the Brd4^BD2^-containing ternary complex is more than 3 times higher than complexes containing Brd3^BD2^ and Brd4^BD1^ ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b), clearly outcompeting the other substrates. Together, these data indicate that the competition experiment provides more detailed insight for identification of the best PROTAC substrate. The preference for Brd4^BD2^ observed by nMS fits to the longest half-life (ln 2/*k*~off~) as well as the highest affinity of the respective ternary complex ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} and ref ([@ref16])). Moreover, these differences strongly reflect the half-life between Brd4^BD2^ (130 s) as compared to that with Brd3^BD2^ (6 s) and Brd4^BD1^ (\<1 s) which is the most strongly varying kinetic parameter among the three bromodomain substrates.^[@ref16]^ In fact, the lower half-life of the complex with Brd3^BD2^ is thought to be the reason for the lower degradation efficiency of Brd3 with respect to Brd4 in cells, despite similar binding affinity.^[@ref16],[@ref18],[@ref23],[@ref26]^ When the same MS experiments are performed with AT1, which has higher specificity for Brd4^BD2^, the signal intensity for the complex containing Brd4^BD2^ is higher than the other complexes, in both the low-competition and high-competition experiment ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c,d). This reflects the preference of the formation of the VCB:AT1:Brd4^BD2^ complex over other substrate complexes.

![nMS analysis of multicomponent E3-PROTAC-POI mixtures reveals preferentially formed ternary complexes. nESI spectra of VCB, PROTAC, and a mixture of bromodomain substrates. (a) VCB (5 μM), MZ1 (10 μM), equimolar mixture of Brd4^BD2^ (blue), Brd3^BD2^ (purple), and Brd4^BD1^ (red) (total Brd concentration 5 μM). (b) As in part a, but total Brd concentration 15 μM. (c, d) As in parts a and b, respectively, but PROTAC is AT1. (e) VCB (2.5uM), MZ1 (5uM), and a mixture of five bromodomain substrates: Brd4^BD2^, Brd3^BD2^, Brd2^BD2^ (yellow), Brd4^BD1^, BrdT (cyan), total substrate concentration 12.5 μM. (f) As in part e, but PROTAC is AT1. Peaks corresponding to the most intense species are labeled, and fully annotated versions are given in [Figure S15](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00049/suppl_file/oc0c00049_si_002.pdf).](oc0c00049_0005){#fig5}

We next analyzed E3:P:S mixtures of even higher complexity, containing 5 bromodomain substrates and either MZ1 ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}e) or AT1 ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}f). Peaks can be separated for complexes containing Brd4^BD2^, Brd4^BD1^, and BrdT. The mass of Brd2^BD2^ is very close to that of Brd3^BD2^ (13 351 Da vs 13 279 Da), and therefore, complexes containing these proteins cannot be distinguished from one another. It is, however, clear from the spectra with both PROTACs that the complex containing Brd4^BD2^ has the highest intensity, inferring that this is the most favorable interaction. Additionally, the difference in intensity between Brd4^BD2^ and the next most intense peaks is bigger for the sample containing AT1 ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}f) with respect to MZ1 ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}e), further demonstrating the higher specificity of this PROTAC. Such nMS experiments would be highly informative when screening proteins that are recruited by a certain PROTAC. Even if not every protein can be distinguished, as is the case for Brd3^BD2^ and Brd2^BD2^, the number of potential interactors can be greatly reduced for further investigation. Measuring the substrate proteins in mixtures is more time-effective than separate measurements and has the added advantage of providing information on competition between substrates forming the ternary complexes. Given the remarkable resolution of nMS, even small size differences in POIs, for instance, introduced by adding short peptide tags, could be resolved, allowing the analysis of even more complex substrate sets as in the current analysis.

Conclusions {#sec3}
===========

To conclude, we have demonstrated, for the first time, that nMS is an effective technique to investigate PROTAC-mediated protein complexes. We can determine differences in specificity of a PROTAC toward different proteins and can measure ternary complex formation of different substrates in a single experiment, which is highly beneficial in the generation of new PROTAC molecules. While SPR and ITC remain the most appropriate methods for obtaining kinetic and thermodynamic data, we envision that nMS will become a popular tool in PROTAC development owing to its fast measurement time, straightforward data analysis, and ability to detect different species in equilibrium. Moreover, nMS bears the unique advantage of performing competition experiments, directly comparing potential substrates and various PROTACs to yield the most efficient degrading system.

Materials and Methods {#sec4}
=====================

Protein Expression and Purification {#sec4.1}
-----------------------------------

BRD2^BD2^, BRD3^BD2^, BRDt, BRD4^BD1^, and BRD4^BD2^ were expressed and purified as described by Filippakopoulos et al.^[@ref32]^ with final concentrations of 10.2 mg/mL (10 mM Hepes, 500 mM NaCl, 5% glycerin, pH 7.5), 16 mg/mL (25 mM Hepes, 150 mM NaCl, 5 mM DTT, pH 7.5), 39.5 mg/mL (10 mM Hepes, 500 mM NaCl, 10 mM DTT, 5% glycerin, pH 7.4), 13.4 mg/mL (50 mM Hepes, 500 mM NaCl, 5% glycerin, pH 7.5), and 19 mg/mL (10 mM Hepes, 100 mM NaCl, 10 mM DTT, pH 7.5), respectively. Human VHL (54-213), ElonginC (17-112), and ElonginB (1-104) were coexpressed as described previously.^[@ref6]^ All protein sequences are provided in [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00049/suppl_file/oc0c00049_si_002.pdf).

Sample Preparation for Native MS Experiments {#sec4.2}
--------------------------------------------

PROTACs were provided in a 10 mM solution in DMSO, which was diluted 100× in water (100 μM, 1% DMSO). This was further diluted to 2× the working concentration using 1% DMSO in water, to ensure constant DMSO concentration across all experiments. Proteins were buffer exchanged into ammonium acetate using BioRad Micro Bio-Spin 6 columns, and the concentrations were measured with a Bradford assay. Unless described otherwise, 20 μM substrate and 20 μM E3 ligase were mixed in an equimolar concentration (10 μM each) and added to an equivalent volume of PROTAC stock, to give final solution conditions of 5 μM substrate, 5 μM VCB, 5--10 μM PROTAC in 100 mM ammonium acetate, and 0.5% DMSO.

Mass Spectrometry Measurements {#sec4.3}
------------------------------

Native mass spectrometry experiments were carried out on a Synapt G2S*i* instrument (Waters, Manchester, UK) with a nanoelectrospray ionization source. Mass calibration was performed by a separate infusion of NaI cluster ions. Solutions were ionized through a positive potential applied to metal-coated borosilicate capillaries (Thermo Scientific). The following instrument parameters were used for PROTAC complexes: capillary voltage 1.3 kV, sample cone voltage 80 V, extractor source offset 60 V, IMS bias voltage 2 V, source temperature 40 °C, trap gas 3 mL/min. For individual proteins, the capillary voltage was set to 1.1 kV, sample cone voltage 40 V, extractor source offset 30 V, IMS bias voltage 2 V, source temperature 40 °C, and trap gas 2 mL/min. Data were processed using Masslynx V4.1 and GraphPad Prism 8.1.1. To determine the estimated ratio of signal corresponding to each species, the relative intensities of peaks involved in the comparison were summed, and the sum of peaks for a particular species was divided by the sum of the total peaks. In [Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"} and [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00049/suppl_file/oc0c00049_si_002.pdf), only the peaks which correspond to \[M + 6H\]^6+^ and \[M + 7H\]^7+^ of Brd4^BD2^ are used for the quantification in the bar charts. In [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, only \[M + 5H\]^5+^, \[M + 6H\]^6+^, and \[M + 7H\]^7+^ are used for the quantification of Brd4^BD1^. No unexpected or unusually high safety hazards were encountered.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acscentsci.0c00049](https://pubs.acs.org/doi/10.1021/acscentsci.0c00049?goto=supporting-info).Table S3: calculations of the integrated peak heights of individual species ([XLSX](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00049/suppl_file/oc0c00049_si_001.xlsx))Additional spectra, expected and measured mass of proteins used, and corresponding sequences ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00049/suppl_file/oc0c00049_si_002.pdf))
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